The mechanisms for human germ cell development have remained largely unknown, due to the difficulty in obtaining suitable experimental materials. The establishment of an in vitro system to reconstitute human germ cell development will thus provide a critical opportunity to understand its mechanisms at a molecular level. It has previously been shown that human induced pluripotent stem cells (hiPSCs) are first induced into incipient mesoderm-like cells (iMeLCs), which are in turn induced into primordial germ-cell like cells (PGCLCs) with gene expression properties similar to early migratory PGCs. Here, we report that the efficiency of PGCLC induction varies among hiPSC clones, and, interestingly, the clonal variations in PGCLC induction efficiency are reflected in the gene expression states of the iMeLCs. Remarkably, the expression levels of EOMES, MIXL1, or T in the iMeLCs are positively correlated with the efficiency of subsequent PGCLC generation, while the expressions of CDH1, SOX3, or FGF2 are negatively correlated. These results indicate that the expression changes of these genes occurring during iMeLC induction are key markers indicative of successful induction of PGCLCs, and furthermore, that hiPSC clones have different properties that influence their responsivity to the iMeLC induction. Our study thus provides important insights into the mechanism of hPGC specification as well as the development of a better strategy for inducing human germ cell fate from PSCs in vitro. In vitro induction of human germ cell fate, 2017, Vol. 96, No. 6 
Introduction
The germ line is a unique cell lineage that propagates genetic information across generations. In mammals, the primordial germ cells (PGCs), which are the origin for both the spermatozoa and oocytes, appear in the postimplantation embryos upon stimulation by environmental signals [1] . So far, most knowledge about the development of mammalian PGCs has been obtained from studies using mice. On the other hand, recent studies on primate embryos in peri-and/or postimplantation developmental stages have shown substantial divergence in the PGC development among mammalian species [2, 3] . In humans, based on histological observations, the specification of PGCs is considered to take place at 2-3 weeks after fertilization [4] , although the details remain obscure due to the difficulty in obtaining biological materials. Accordingly, it remains to be understood how human PGCs are specified and acquire the potential to generate functional germ cells, which eventually produce a totipotent zygote after fertilization.
Recently, several studies have reported systems to induce in vitro PGCs from human pluripotent stem cells (hPSCs)-i.e., either human embryonic stem cells (hESCs) or human induced pluripotent stem cells (hiPSCs) [5] [6] [7] [8] . Together, these studies have shown that cells expressing early PGC genes such as PR/SET domain 1 (PRDM1; also known as BLIMP1), transcription factor AP-2 gamma (TFAP2C; also known as AP2g), nanos C2HC-type zinc finger 3 (NANOS3), and SRY-box 17 (SOX17) are induced in response to bone morphogenetic protein (BMP). Detailed analyses of the gene expression profiles have suggested that (i) the induced PGC-like cells (PGCLCs) described in two of these studies [5, 6] are considerably similar [6] , and (ii) they have similar properties to in vivo PGCs of the early premigratory phase [3, 5, 6] . Notably, SOX17, a transcription factor for endodermal lineages, was found to play a critical role in inducing human PGCLCs [5] . This is in contrast to mouse Sox17, which is dispensable for PGC specification [9] , suggesting differences in the molecular pathways functioning in mouse and human PGC specification. Thus, human in vitro systems would be useful for addressing the molecular mechanisms involved in human PGC development.
A key issue to be investigated is the robustness of these reported methods when using various hPSC lines as starting materials. Previous studies have shown that there are considerable differences among hiPSC clones in terms of their competence to differentiate into several somatic lineages [10] [11] [12] . Differences in hPSC culture conditions might also influence the differentiation competence of hPSCs [2, 13, 14] . Regarding the differentiation into the germ cell lineage, the induction of PGCLCs has been examined in Sasaki et al. by using four hiPSC clones maintained under the same defined feeder-free condition [6, 15] . Further analysis will be instructive to evaluate whether, and/or to what extent, the competence for PGCLC induction differs among hiPSC clones.
In the current study, we explored clonal variations in the efficiency of the PGCLC induction. We used the two-step method involving the induction of incipient mesoderm-like cells (iMeLCs), since it has so far shown a higher efficiency and robustness than the one-step method without iMeLC induction [6] . We used previously identified cell-surface markers for PGCLCs, epithelial cell adhesion molecule (EpCAM), and integrin subunit alpha 6 (INTEGRINα6), in order to expand our analysis to nongenetically manipulated hiPSCs [6] . We found considerable differences among hiPSC clones in the efficiency of PGCLC induction, which were well correlated with the differences in the gene expression in the iMeLC states.
Materials and methods
All the experiments were performed under the ethical guidelines of Kyoto University. The experiments to induce PGCLCs from hiPSCs [16] were approved by the Institutional Review Board of Kyoto University and the Ministry of Education, Culture, Sports, Science and Technology (MEXT) of Japan.
Maintenance of human induced pluripotent stem cells
The hiPSC lines were maintained under a feeder-free condition (StemFit [Ajimonoto, Tokyo, Japan] medium on recombinant LAMININ511 [iMatrix-511; Nippi, Tokyo, Japan]-coated cell culture plates) [15] . For single-cell dissociation for the passage or induction experiments, the cells were treated with 0.5× TryPLE Select (Life Technologies) solution in 0.5 mM EDTA/PBS for 8-10 min at 37
• C and harvested with cell scrapers. An amount of 10 μM of Rhoassociated coiled-coil forming kinase (ROCK) inhibitor (Y-27632; Wako Pure Chemical Industries) was added, and the treatment was continued for 24 h after seeding.
Induction of incipient mesoderm-like cells and primordial germ cell-like cells
The inductions of iMeLCs and PGCLCs were performed as described previously [6] . Briefly, for iMeLC induction, 1.2-1.5 × 10 5 hiPSCs maintained in StemFit were plated onto a human plasma fibronectin (Millipore)-coated 12-well plate in GK15 medium containing 50 ng/ml activin A (Peprotech), 3 μM of CHIR99032 (Biovision), and 10 μM of Y-27632. PD173074 (StemGent) was added when stated. For PGCLC induction, 3.5 × 10 3 iMeLCs were seeded into a lowcell-binding V-bottom 96-well plate (Thermo) in GK15 medium containing 1000 U/ml of LIF (Millipore), 200 ng/ml of BMP4 (R&D Systems), 100 ng/ml of SCF (R&D Systems), 50 ng/ml of EGF (R&D Systems), and 10 μM of Y-27632.
Fluorescence-activated cell sorting analysis
The floating aggregates formed during PGCLC induction were dissociated with 0.05% Trypsin-EDTA/PBS for 10 min at 37
• C. After washing with PBS containing fetal bovine serum and 0.1% bovine serum albumin (BSA), the cell suspension was filtered by a cell strainer (BD Biosciences) to remove cell clumps and was subjected to centrifugation (1200 rpm, 3 min). Reverse transcription polymerase chain reaction and RNA-seq analysis
Total RNA was extracted from harvested cells by using an RNeasy Micro Kit (QIAGEN) according to the manufacturer's instructions. For RNAseq analysis, synthesis and amplification of cDNAs using 1 ng of purified total RNA, and construction of cDNA libraries for RNA sequencing (ABI SOLiD 5500XL system; Life Technologies) were performed as described in [13] . For quantitative polymerase chain reaction (qPCR) analysis, synthesis of cDNA from 250 ng of purified total RNA was performed by using SuperScript III (ThermoFisher SCIENTIFIC) according to the manufacturer's instructions. For qPCR analysis on PGCLCs, amplified cDNA was used. qPCR on cDNA was performed with Power SYBR Green PCR Master mix (Life Technologies) using a CFX384 real-time qPCR system (Bio-Rad). The gene expression levels were examined by calculating dCT (in log2 scale) normalized to the values of ribosomal protein lateral stalk subunit P0 (RPLP0). The primer sequences used are listed in Supplemental Table S1 .
Mapping reads of RNA-seq and conversion to gene expression levels
The genome sequence (GRCh37/hg19 for humans) and the transcript annotation (ref GRCh37 for humans) were obtained from the NCBI ftp site at ftp://ftp-trace.ncbi.nlm.nih.gov/genomes/. Read trimming, mapping, and estimation of expression levels were performed as described previously [13] . The expression levels were normalized only by total mapped reads (read per million mapped reads [RPM] ) and analyzed further in log 2 (RPM+1).
Transcriptome analysis
For the analysis of differentially expressed genes (DEGs) and the unsupervised hierarchical clustering (UHC) analysis (hclust function with Euclidian distances and Ward distance functions in R3.2.3), genes whose maximum log 2 (RPM+1) values among the analyzed samples were <4 were excluded. DEGs were selected based on the P value of the one-way ANOVA test of the group of samples (false discovery rate <0.01, calculated by the q value function in R3.2.3) and fold changes (>= 2). The RNA-seq data of this study are listed in Supplemental Table S2 and gene expression data are provided in Supplemental Table S3 . These data has been deposited in the NCBI database (GEO accession number: GEO: GSE98323).
Data analysis
Heatmaps were created using the heatmap.2 function in the gplots package in R3.2.3. Correlation coefficient plots were created using the corrplot package in R3.2.3. Other plots were created using the ggplot2 package in R3.2.3. a Detailed description of these clones will be published elsewhere. b These clones were generated as described in [15] .
Results

Induction efficiency of hPGCLCs varies among human induced pluripotent stem cell clones
To examine differences among the clones in PGCLC induction, we first used five hiPSC clones (2 XY clones: 1383D6, 1383D2; 3 XX clones: 1205A, 1205B, 201B7) ( Table 1 ) and tested the method reported previously [6] ( Figure 1A ). As a control, we used the previously established reporter line 585B1-868, which carries heterozygous knock-in alleles of BLIMP1-2A-tdTomato (BT) and TFAP2C-2A-eGFP (AG) [6, 17] . We examined two conditions for the iMeLC induction, without or with PD173074 (hereinafter PD17), an inhibitor of fibroblast growth factor (FGF) receptors, since we have observed its positive effects on the 585B1-868 clone in terms of cell growth/survival in the aggregate culture for PGCLC induction [6] ( Figure 1A ). We used antiEpCAM and -INTEGRINα6 antibodies to detect PGCLCs [6] . By fluorescence-activated cell sorting (FACS) analysis, the dissociated and immunostained cell populations were sequentially gated by P1 (forward scatter (FSC)-area (A) vs. side scatter (SSC)-A), P2 (FSC-height (H) vs. FSC-width (W)) and P3 (SSC-H vs. SSC-W) to obtain single-cell populations, and finally by P4 (INTEGRINα6 vs. EpCAM), which we defined as the PGCLC population ( Figure 1A ). As reported previously, when 585B1-868 hiPSCs were used, the cell aggregates became larger under a floating culture when iMeLCs were induced in the presence of PD17 ( Figure 1B ). To quantify this effect, we calculated the number of P3 cells per aggregate, which reflects the number of living cells present in the floating aggregate. The P3 plot showed more frequent occurrence of higher numbers under the PD17 condition in these six hiPSC clones used, although the differences were not statistically significant due to variations among the experiments ( Figure 1C ). This suggests that the presence of PD17 in the iMeLC culture probably has a positive effect on cell growth/survival during the floating culture.
Next, we analyzed the number of P4 cells per aggregate and the ratio of P4 to P3 cells to evaluate the PGCLC-induction efficiency ( Figure 1B and C). We found that there were significantly fewer induced PGCLCs in the three XX clones and the 1383D2 clone compared to the 585B1-868 clone (1383D2: p = 0.0286; 1205A: p = 0.00987; 1205B: p = 0.00914; 201B7: p = 0.0163; Student * P-value < 0.05, * * P-value < 0.01, * * * * P-value <
(Student t-test). t-test).
More remarkably, the ratio of P4 to P3 cells was significantly lower when using the three XX clones compared with 585B1-868 (1205A: p = 0.00047; 1205B: p = 0.00045; 201B7: p = 0.000375) ( Figure 1C ). In contrast, the overall effect of PD17 was modest and only significant when the 201B7 clone was used (P4 per aggregate: p = 0.041; P4 percentage: p = 0.0064). These results clearly indicate that the induction efficiency of PGCLCs is different among hiPSC clones.
Optimal duration for incipient mesoderm-like cell induction time among human induced pluripotent stem cell clones
Regarding the two XY clones, 1383D2 and 1383D6, we observed relatively higher efficiencies for PGCLC induction (ratio of P4 to P3), which were comparable to that of the 585B1-868 clone ( Figure 1C) . However, the numbers of PGCLCs (P4) were lower, especially in the case of the 1383D2 clone, which is consistent with the lower numbers of the P3 population and the variable size of aggregates ( Figure 1C , data not shown). This implies that the cell growth/survival rates in the aggregates are also different among the hiPSC clones. One of the important factors that influence the efficiency of PGCLC induction is the duration of the iMeLC induction time [6] . Therefore, we next compared the number of PGCLCs after different durations of iMeLC culture: 24, 36, 48, or 60 h. In the iMeLC culture, cells proliferate and increase in number until reaching confluency (∼3 days after seeding), and in these sets of experiments, the proliferation curves during iMeLC culture were similar among the 585B1-868, 1383D2, and 1383D6 clones (Figure 2A and D). As a result, the number of PGCLCs reached the highest level under the 60-h condition with the formation of larger aggregates with the 1383D2 and 1383D6 clones, while comparative numbers of PGCLCs were obtained under both the 48-and 60-h conditions with 585B1-868 ( Figure 2B-D) . These results suggest that with some clones, longer exposure to and/or further proliferation in the iMeLC medium would enable successful cell growth/survival during the subsequent floating culture, and consequently, larger numbers of PGCLCs.
Comparison of gene expression in the incipient mesoderm-like cells induced from different human induced pluripotent stem cell clones
Upon exposure to the iMeLC induction signal, cells change their morphology to flat epithelial cells with distinct cell-to-cell boundaries [6] . We observed similar morphological change with all clones we used ( Figures 1A, 2A and 4C) , regardless of the efficiency of PGCLC induction. To obtain insight into the molecular details of clonal differences that influence the efficiency of PGCLC induction, we examined gene expression profiles of the 201B7 clone, which showed lower efficiency of PGCLC induction ( Figure 1C) , and compared them with those of the 585B1-868 and 585A1 clones in their hiPSC and iMeLC states (see Supplemental Table S2 ). Unsupervised hierarchical clustering revealed that the samples of each cell state were classifiable into two classes: one containing samples of 201B7 (the "201" class), the other containing samples of 585B1-868 and 585A1 (the "585" class) ( Figure 3A) . We next extracted differentially expressed genes between these two classes (201 vs. 585); 74 or 98 genes were identified as DEGs of either hiPSC (yellow) or iMeLC (magenta) samples, respectively, and 58 genes were identified as common DEGs of both comparisons (green) (Figure 3B and C; see Supplemental Table S3 ). Since it has been observed that the transition of hiPSCs to the iMeLC state increases the efficiency of PGCLC induction in the subsequent floating aggregate culture [6] , we considered the importance of gene expression changes from hiPSCs to iMeLCs. Therefore, we calculated the fold changes from hiPSC to iMeLC samples regarding the identified DEGs and compared them between the two classes (201 vs. 585) ( Figure 3D ). We found that 34 out of 98 iMeLC DEGs showed >2-fold differences between the two classes with respect to hiPSC-to-iMeLC fold changes. Among them, 23 genes showed particularly higher upregulation in 585-iMeLC (compared with 585-hiPSC) than in 201-iMeLC (compared with 201-hiPSC) ( Figure 3D ). This included genes involved in transcriptional regulation during embryonic germ layer development and morphogenesis, such as T brachyury transcription factor (T), eomesodermin (EOMES), Mix paired-like homeobox (MIXL1), Sp5 transcription factor (SP5), forkhead box B1 (FOXB1), and gastrulation brain homeobox 2 (GBX2) ( Figure 3D ). These data suggest the possibility that the differences in gene expression in iMeLCs may reflect clonal variations in the efficiency of PGCLC induction.
To assess the clonal variations more widely, we newly employed five hiPSC clones (XY clone: 692E1; four XX clones: 253G1, 297A1, 1390C1, 1390G3) ( Table 1) . We used nine hiPSC clones in total and performed gene expression analysis on iMeLCs and analyzed the number of PGCLCs induced from these cells. In these experiments, we performed two assays in parallel using two different conditions for iMeLC induction (without or with PD17) ( Figure 4A ). We obtained a relatively high number of PGCLCs when using the 585B1-868, 692E1, 1390C1, and 1390G3 clones, although there were marked variations with 1390C1 and 1390G3 ( Figure 4B and C). On the other hand, we obtained lower numbers of PGCLCs with 201B7, 1205A and 1205B, consistent with our results described above ( Figures 1C, 4B and C) , as well as with 253G1, and we failed to observe PGCLCs with 297A1 ( Figure 4B and C) .
To examine gene expression among the iMeLC samples obtained in these experiments, we performed RT-qPCR analysis on 33 selected genes, including 11 genes from the iMeLC DEGs ( Figure 3B-D) , and genes related to the pluripotent state, epiblast, or differentiation of the three germ layers ( Figure 5A ). UHC analysis revealed that the total of 34 iMeLC samples could be divided into three major classes ( Figure 5A ), whereas the undifferentiated hiPSC samples were clearly distinct from all iMeLC samples ( Figure 5A ). Interestingly, the clonal differences in the numbers of induced PGCLCs ( Figure 4B ) were well correlated with this classification: class 1 consisted of samples from "low efficiency" clones (1205A, 1205B, 201B7, and 253G1), class 2 of samples from "high efficiency" clones (585B1-868, 692E1, 1390C1, and 1390G3), and class 3 of samples from the only "failed" clone (297A1) (Figures 4B and 5A) . Within class 1, samples with (or without) PD17 tended to cluster together, suggesting that PD17 had considerable effects on the gene expression in class 1 clones. On the other hand, the samples tended to cluster by clone in class 2, suggesting that the effects of PD17 were not as obvious among them. Next, we analyzed the range of expression levels of each gene among the 34 iMeLC samples examined ( Figure 5B ). DNA methyltransferase 3 beta (DNMT3B), SOX2, and Nanog homeobox (NANOG) showed a smaller range of differences in their expression levels: 0.57, 0.78, and 0.92 dCT, respectively. In contrast, EOMES, MIXL1, T, and SOX3 showed a wider range of differences: 5.5, 4.9, 3.6, and 3.5 dCT, respectively ( Figure 5B ). The heatmap suggested that the expression of EOMES was higher in class 2 than in class 1, and conversely, SOX3 expression was lower in class 2 than in class 1 ( Figure 5A ). Given that the induced numbers of PGCLCs were distributed at a relatively higher level in class 2 than class 1 clones ( Figures 4B and 5A ), the differences in the induction efficiency of PGCLCs might have been attributable to the expression levels of such genes showing a wider range in the iMeLC states.
To test this notion, we next directly compared the gene expression levels with the number of subsequently induced PGCLCs. We found that, indeed, the expression levels of EOMES, MIXL1, or T were positively correlated with the number of P4 cells per aggregate (R = 0.86, 0.87, or 0.87, respectively), while the SOX3 expression levels were negatively correlated (R = -0.76) ( Figure 5C ). The correlation coefficient matrix across the 33 genes as well as the number of P4 cells revealed "positive" genes, i.e., Zic family member 2 (ZIC2), EOMES, T, and MIXL1, as well as "negative" genes, i.e., SOX3, cadherin 1 (CDH1), ZIC3, FGF2, and TFAP2C ( Figure 5D ). As observed in the UHC analysis, the effect of PD17 was more prominent in class 1 than class 2 clones with regard to the expression level of "positive" genes, e.g., EOMES or MIXL1 ( Figure 5E ). Furthermore, when we examined the expression of T, MIXL1, and EOMES in iMeLCs induced for different time lengths (Figure 2) , we found an increase in their expression levels in iMeLCs induced for 60 h compared with those induced for 48 h both in the 1383D2 and 1383D6 lines ( Figure 5F ), which is in line with the fact that iMeLCs induced for 60 h yielded higher numbers of P4 cells (i.e., PGCLCs) in these lines ( Figure 2D ). Taken together, these observations suggest that the clonal differences observed in the induction efficiency of PGCLCs could be explained, to a great extent, by clonal differences in the responsivity to the expression change triggered during the iMeLC induction. The suppression of FGF receptors by PD17 likely supports the activation of "positive" genes, although this activation is not sufficient to overcome the clone-to-clone differences. 
Comparison between XY and XX clones
We assembled all the data from this study to obtain an overview of the number of PGCLCs induced by each of the 13 hiPSC clones ( Figure 6A and C). Based on this overview, the XY and XX clones were unevenly distributed when the 75th or 50th percentile values of the numbers of P4 cells (per aggregate) of each clone were examined ( Figure 6B ). Moreover, the XY clones showed a higher P4 percentage than the XX clones, in terms of both the 75th and 50th percentile values (P = 0.00279, Mann-Whitney test) ( Figure 6D ). This may suggest that the sex chromosomes would influence the propensity of hiPSCs for differentiation into PGCLCs (see Discussion). Finally, we examined the gene expression in the PGCLCs using three clones, 692E1, 201B7, and 1390G3, in addition to the clone 585B1-868. The PGCLCs induced for 8 days were collected and analyzed by RTqPCR on 37 selected genes (see Supplemental Table S1 ). The results showed that the gene expressions of PGCLCs induced with these three lines were highly correlated with those of PGCLCs induced with 585B1-868 (692E1: R = 0.98; 201B7: R = 0.96; 1390G3: R = 0.98) ( Figure 6E ), suggesting that the induced PGCLCs have similar properties.
Discussion
In the present study, we analyzed differences among hiPSC clones in terms of their potential for differentiation to PGCLCs; 6 out of 13 hiPSC clones showed higher potential for the induction of PGCLCs, while the other seven clones showed lower efficiency. We found that the PGCLC induction efficiencies of hiPSC clones were greatly correlated with their gene expression states in the iMeLCs, suggesting that the clonal differences in the responsivity to the iMeLC induction signal would underlie the clonal properties for PGCLC induction. By analyzing the correlation between the gene expression levels in the iMeLCs and the efficiency of PGCLC induction, we identified EOMES, MIXL1, and T as positively correlated genes. These genes are repressed in undifferentiated iPSCs cultured under a feeder-freedefined condition [15] but are upregulated by stimulation with the iMeLC induction signal mediated by activin A and CHIR99032. It has been shown that hiPSCs in the undifferentiated state are less optimal for PGCLC induction if directly transferred to a BMP-containing PGCLC induction medium bypassing the iMeLC induction [6] . Irie et al. reported that human PGCLCs are induced from hESCs cultured with four kinase inhibitors (4i) but rarely from hiPSCs cultured under conventional conditions [5, 18] . Interestingly, MIXL1 and T are already derepressed in hESCs under the 4i culture conditions [5] , implying that 4i-cultured hESCs have gained features similar to iMeLCs, although the upregulation of further differentiation markers such as platelet derived growth factor receptor alpha (PDGFRA) and runt related transcription factor 1 (RUNX1) is observed in 4i hESCs [5] but not in the iMeLCs (see Supplemental Table S3 ) [6] .
In mice, MIXL1 is expressed in the primitive streak of gastrulating embryos and plays a central role for endoderm differentiation [19] . Mesodermal factor T/BRACHYURY, induced by WNT signaling, is essential for the robust activation of Prdm14 and Blimp1/Prdm1, key regulators for the specification of mouse PGCs [20] . EOMES is essential for development of the extraembryonic lineage in preimplantation embryos [21] , and is also required for endoderm differentiation during the primitive streak formation in mice [22] . In the primitive streak, a morphological change (epithelium-to-mesenchyme transition, EMT) occurs in migrating cells, where EOMES plays a pivotal role for promoting EMT through the downregulation of CDH1/E-cadherin [22] . Intriguingly, we observed that the induction efficiency of PGCLCs is negatively correlated with CDH1 as well as SOX3, both of which are known to repress EMT [23] . The higher expression of these genes would reflect the retarded progression of EMT and would support the idea that the initiation of EMT pathways in the iMeLCs may facilitate successful induction of human PGCLCs in the in vitro system. In the induced PGCLCs, expression of T is maintained, while the expressions of EOMES and MIXL1 become downregulated [6] . Likewise, in cynomolgous monkeys, expression of T but not of EOMES or MIXL1 has been observed in the specified PGCs in the gastrulating embryos [3] . It will be interesting to investigate whether and/or how EOMES, MIXL1, or T orchestrate the regulatory network with SOX17 and PRDM1/BLIMP1, which have already been identified as critical factors for human PGCLC induction [5, 6] .
Variations in the differentiation potential of various human PSC clones have been studied using somatic differentiation systems [10] [11] [12] . iPSCs in particular are considered to bear residual "memory" of their origins, and thus the DNA methylation inherited from origin cells may contribute to the clonal variations [12, 24] . In addition, it has been shown that the DNA methylation status of hPSCs is also influenced by their culture conditions [8, 25, 26] . A recent study reported that differences in DNA methylation are associated with the "maturation" capacity of hiPSCs in the hematopoietic lineage differentiation [11] . On the other hand, with regard to the "commitment" capacity to hematopoietic precursors, the correlation between clonal variations and DNA methylation states of hiPSCs has not been observed [11] . Since four clones used in our present study [201B7 and 253G1 with low PGCLC induction efficiency, and 585A1 and 585B1 with high PGCLC induction efficiency ( Figure 6 ) [6] ] were analyzed in [11] , we examined the methylation levels of the promoter regions of MIXL1, T, and EOMES ("positive" genes). However, we did not find clear differences in the methylation levels of these genes among the four clones (Supplemental Figure S1 ). This suggests that the clonal differences in the expression of "positive genes" may not be directly caused by the level of DNA methylation, although it should be noted that the hiPSCs in [11] were cultured on SNL feeder cells with a conventional medium, while the hiPSCs in our study were cultured under a feeder-free condition, which may have influenced the DNA methylation states. Further analyses of the epigenetic properties, including the histone modification states, of the clones with high and low PGCLC induction efficiencies are warranted.
Among the hiPSC clones examined in the present study, XX clones were often found to be less efficient for PGCLC induction, although we consider that analyses of additional clones will be required to reach a definitive conclusion. Regarding sex chromosomes, in mammals, one X chromosome is maintained in the inactive state in females to compensate for dosage differences between XY and XX. Recently, there has been controversy concerning the X chromosome states in human XX ESCs and iPSCs, and several lines of evidence have indicated that the inactive state of one X chromosome happens to be eroded, i.e., reactivated partially in a stochastic fashion, during the culture time [27] [28] [29] [30] [31] . This implies that the dosage of X-linked genes may vary in hPSCs between XY and XX clones as well as among XX clones, probably depending on their culture duration. In relation to the effects of the X dosage differences, it has been suggested that two active X chromosomes interfere with cell differentiation in mice [32] and in hPSCs [33] . Consistent with these ideas/findings, we found that among the DEGs between the 585B1 line (XY) and the 201B7 line ( Figure 3C ), the X-linked Table S3 ). Collectively, these findings suggest the possibility that the female hiPSCs tend to show a lower efficiency for PGCLC induction at least in part due to the higher expression of X-linked genes. In this regard, it is of note that in mice, one of the X chromosomes is in an inactive state when PGCs are specified and then is gradually reactivated during PGC development [34] [35] [36] . Future investigations are warranted as to the relationship between the X chromosome state and human PGC (LC) differentiation.
Supplementary data
Supplementary data are available at BIOLRE online. Supplemental Figure S1 . DNA methylation at MIXL1, EOMES, and T loci in 201B7, 253G1, 585A1, and 585B1 iPSC clones. Screenshots of DNA methylation levels in the indicated regions. The normalized values of DNA methylation analyzed by the Infinium human methylation 450K arrays were obtained from GSE60821 [11] and visualized using an Integrated Genomics Viewer (Broad Institute). Positions of the transcription start sites (TSSs) are indicated by vertical dotted lines. The mean values of methylation sites around TSSs (regions indicated by horizontal bars) are shown.
Supplemental Table S1 . List of primers used for qPCR in this study.
* Primers used in Figure 6E .
Supplemental Table S2 . RNAseq data analyzed in this study. Supplemental Table S3 . Gene expression data (log 2 (RPM+1)) of RNAseq.
Supplemental Table S4 . List of antibodies used in this study.
